A method for the simultaneous determination of major and minor volatiles composition in different types (dry, medium dry, sweet and medium sweet) of a young Tinta Negra Mole (TNM) monovarietal red wine from 2003 harvest has been validated. Wine samples preparation includes a dichloromethane liquid-liquid extraction followed by concentration under a nitrogen atmosphere. The extracted fraction was analysed by gas chromatography-mass spectrometry and give quantitative information for more than 86 analytes whose concentration range from few g l −1
Introduction
Tinta Negra Mole (TNM) is the main grape variety used in the production of Madeira wines. This variety represents 85-90% of the Madeira Island Vineyard, with a mean production of 42,000 hl. As far as we know, the aroma of this variety has not yet been characterized [1] . The Madeira wines alcoholic content lies between 17 and 22% (v/v) and is commercially available in different types: dry, medium dry, sweet, medium sweet, according to the sugar content [2] .
Among the many factors that contributed to the typicity and quality of wine, aroma is probably the most important organoleptic characteristic and a key attribute for consumers. Several hundred chemically different flavour compounds such as: higher alcohols, aldehydes, ethyl esters of fatty acids, fatty stituents of the volatile fraction of the wine. Some components are present in high concentration (hundreds of mg l −1 ), but most of them are found at the low ng l −1 level [9] [10] [11] [12] [13] . Therefore some components need to be extracted and concentrated before analysis, while others can be analysed by GC with direct injection. Several classical analytical methods such as liquid-liquid extraction [14, 15] , simultaneous distillation-extraction [16] , solid phase extraction [17] , supercritical fluid extraction [18] , microwaves extraction [19] and ultrasound extraction [20] , among others, have been developed for the analysis of the minor volatile compounds in wines. Although it is a time-consuming technique liquid-liquid extraction is a widely used sample preparation method for the determination of wine volatiles which extract contains a wide spectrum of components [21] . Among the solvents that have been used for the enrichment of aroma substances, dichloromethane has been found to be well suited for extracting volatiles from a matrix with a high alcohol content such as TNM wines.
Identification of wine aroma components and the relationships between their relative content may be a useful tool in differentiating the wines from different varieties and establishing criteria of genuineness to improve the quality of the wines, prevent fraud and guarantee their origin. Volatile composition of TNM wines was investigated in this work. The pool of compounds analysed include: grape aroma compounds such as the terpene alcohols; pre-fermentative compounds which are the C 6 alcohols; a large group of secondary or fermentative volatile compounds in which are included: higher alcohols, ethyl esters of fatty acids, acetates of higher alcohols, fatty acids and lactones; and finally, post-fermentative compounds in which are included those extracted from wood such as vanillin, 2-furfural and its derivates. The aroma index values were determined to elucidate which compounds are considered as aroma contributing substances, in order to offer a means of evaluating the potential aroma of this variety.
Experimental

Reagents
All reagents used were of analytical quality. Absolute ethanol was purchased from Panreac (Barcelone, Spain), dichloromethane was HPLC grade quality was from LabScan and solid anhydrous sodium sulphate (analytical grade) was purchased from Merck (Darmstadt, Germany). Water was obtained from a Milli-Q purification system (Millipore). Solvents did not require additional destilation. The pure reference compounds used were from Sigma-Aldrich (Spain).
Standard solutions
Exact volumes of the chemical standard compounds were dissolved in absolute ethanol and made up to volume (50 ml). This standard solution was dissolved in ethanol at concentration three orders of magnitude higher than typically found in wines with approximately six calibration points for each standard. These solutions were then diluted with water and ethanol adjusting the final alcohol content to 18% (v/v) to prepare the calibration plots and to spike different wine samples. All the synthetic wines samples used in the calibration graphs were 6 g l −1 of tartaric acid and pH 3.3-3.4 adjusted with 1 M NaOH (synthetic wine matrix). Octan-3-ol was employed as internal standard. All these solutions were stored at 4 • C.
Sample wines
The TNM red wines used in this study were made from the 2003 harvest grapes grown in the Portuguese RAM Appellation. Grapes of TNM were crushed, de-stemmed, racked and pressed. The musts were fermented in stainless-steel containers, with spontaneous yeast. Alcoholic fermentation was carried out at 22 • C and stopped by addition of natural grape spirits according to the wine sugar content to obtain. The different TNM wines types produced were: dry (TNM-D), medium dry (TNM-MD), sweet (TMN-S) and medium sweet (TNM-MS). The wine samples, 12 of each wine type, were taken directly from the cellars in October 2004, and stored at −28 • C until analysis.
Sample extraction conditions
To 50 ml of each sample wines were added 25 l of internal standard (octan-3-ol), in hydro alcoholic solution (1/1, v/v) at 422 mg l −1 and 5 g of sodium sulphate was added to the samples which was extracted twice with 5 ml of dichoromethane. Both organic phases obtained were blended and dried over anhydrous sodium sulphate and concentrated in a roto-evaporator to a final volume of 2-3 ml and, finally, under a stream of pure N 2 to 500 l. The extract was injected (1 l) into the GC-MS. A total ion chromatogram of volatile compounds from TNM red wine samples is illustrated in Fig. 2 . Identification was achieved by comparisons with mass spectra obtained from the sample with those from the pure standards injected in the same conditions by comparing the Kováts index and the mass spectra presents in the NIST MS library Database, or in the literature.
Gas chromatography-mass spectrometry (GC-MS) conditions
Extracts were analysed using a Varian Star 3400 Cx Series II gas chromatograph equipped with Varian Saturn III mass selective detector and Saturn GC-MS workstation software. The column used was DB-Waxetr (30 m × 0.25 mm i.d. × 0.25 m film thickness) silica capillary column. Splitless injection was used. The carrier gas was helium at a flow rate of 1 ml min −1 . The oven temperature program was: 40 • C (for 1 min), then increased to 220 • C, at 2 • C min −1 , and held for 10 min. The ion trap detector was set as follows: transfer line temperature 220 • C; manifold and trap temperatures 180 • C. The mass range was m/z 30-300, the emission current 15 A and the electron multiplier was set in the relative mode to the auto tune procedures. All mass spectra were acquired in the electron impact (EI) mode (E i = 70 eV, source temperature, 180 • C).
Method validation
The validation parameters studied were, response linearity, the determination of repeatability (precision), evaluation of the recovery of known quantities of substances (accuracy) and the determination of limits of detection and quantification.
Study of linearity, repeatability and recovery
For each component five-point graphs were obtained in the range of concentrations showed in Table 1 . Duplicate calibration graphs, were drawn by the least-squares linear regression method using the relative peak area as response versus concentration. The correlation coefficient was >0.98. Regression, slope and origin intercept (Table 1) were calculated by linear least-squares regression.
Repeatability (precision) was evaluated by the relative standard deviation of six independent assays performed under the same analytical conditions in the shortest period of time. For each assay the mean values, standard deviation and coefficients of variation for all compounds were calculated.
Recovery was evaluated by addition of volatile compounds to wines. Samples were submitted to six successive extractions with dichloromethane, after concentration, each organic phase was injected twice into GC/MS. For each volatile compounds the recovery percentage was determined by the ratio (C 1 − C 0 /C 2 ) × 100, where C 0 is the concentration of the analyte in the wine, C 1 the concentration of the analyte in spiked wine sample and C 2 is the concentration of the analyte added to wine sample.
Limits of detection and quantification
The limits of detection (LOD) were estimated as the concentration of the analyte that produce a signal-to-noise ratio of three times the standard deviation of the y-residuals of the calibration graph, that is 3s y/x /b, where s y/x is the blank standard deviation and b is the slope of the line regression. The linear range experiments provide the necessary information to calculate the limits of detection, by extrapolating from the lowest concentration point on the linear calibration curve. The limit of quantification (LOQ) can also be estimated as the concentration of analyte producing a signal 10 times that of the noise.
Quantification
The quantification was carried out following the internal standard quantification method. Thus, octan-3-ol was chosen as internal standard [25 l of a 0.422 mg l −1 solution in ethanol (1:1, v/v) of this internal standard was added to each standard and sample]. Quantitative data of the identified compounds were obtained by interpolation of the relative areas versus the internal standard area, in the calibration graphs built for pure reference compounds. The concentration of volatile compounds for which there was no pure reference available was obtained by using the same calibration graphs as one of the compounds with the most similar chemical structure. Since the repeatability of the chromatographic method was very good (with coefficients of variation lower than 4.0% in average), only two injection of each dichloromethane extract was carried out.
Results and discussion
Method validation
The performance of the method in terms of linearity, precision and accuracy are shown in Tables 1 and 2 . The method had to be assessed by estimating the linear range, limits of detection and quantification and percentage of recoveries and yields of extraction. The quantification was carried through construction of calibration curves at five levels, with the extracted standards, using the same analytical conditions that the samples were tested in duplicate. The (volatile compound/internal standard) peak area ratio was used for each compound. Calibration solutions, in the range specified in Table 1 , were prepared by suitable dilution of the global solution. To calculate this calibration graphs, linear least-square regression was used. For most of the compounds studied, the resulting calibration curves obtained by plotting the GC-MS response versus analyte concentration were found to have good linearity in the range of concentrations studied, with regression coefficient (r 2 ) values ranging between 0.981 (octanoic acid) and 1.000 (ethyl octanoate). It was also corroborated by "on-line linearity" (LOL), with values higher than 85%. The method sensitivity given by the slope of the straight calibration graphs depends on extraction efficiency and detector response for each compound. With this procedure, high sensitivities were obtained for ␣-terpineol, ␤-citronellal, methionol and 2-phenylethanol.
The recovery percentage of the studied compounds added to TNM wine were calculated and are shown in Table 2 . As expected, the range of recoveries is very wide. The results show that the compounds highly soluble in water, such as acetic acid, methionol and ethyl lactate, are poorly extracted.
The repeatability of the method was estimated by the relative standard deviation (R.S.D.) of the concentrations for six consecutive extractions of a synthetic wine. The values obtained for this parameter ranged from 0.7% for 3-methylbutan-1-ol to 10.6% for (Z)-2-hexen-1-ol, with an average of about 4.0% for all analytes considered. The limits of detection (LOD) were estimated from the area corresponding to three-fold the system noise. As presented in Table 2 the obtained values ranged from 2.0 g l −1 for nerol to 0.53 mg l −1 for 3-methylbutan-1-ol. For the limits of quantification (LOQ) the values ranged from 9.0 g l −1 for (Z)-2-hexen-1-ol to 1.78 mg l −1 for ethyl 3-hydroxybutanoate (Table 2) .
Identification of volatile components
The analytical method proposed allowed the correct identification and quantification over than 90 compounds in the volatile fraction of TNM red wines, the majority being higher alcohols (mainly isoamyl alcohols and (R,S)-butan-2,3-diol), ethyl esters of medium-chain fatty acids (hexanoic and octanoic acids), fatty acids, carbonyl compounds and acetates from higher alcohols. Amongst the other components present were detected several furan derivatives (5), seven lactones, the isomers of dioxanes and dioxolanes (4) and some volatile phenols. Only three sulphurcontaining compounds were identified: 2-(methylthio)-ethanol, methionol and 5-ethoxythiazole.
Free volatile compounds isolated from TMN-D red wine accounted for 569.7 mg l −1 ), a value much higher than that obtained for the others TMN wine types, which present contents of 247. Table 3 .
Higher alcohols
Are quantitatively the largest group of the volatile compounds in TNM red wines. This volatile fraction is composed mainly by n-alcohols of C 6 chain length (related to the lipoxygenase activity of the grape) and aromatic compounds such as benzyl alcohol and 2-phenylethanol. The presence of these two compounds may cause a "flowery" and "sweet" notes which could be considered as a positive characteristic for TNM wines variety. The total concentration of this family of compounds calculated in the different TNM wine types analysed are shown in Fig. 3 .
TNM-S and TNM-MS are the wine types that show by far the lowest content of higher alcohols. The alcohol fraction of TNM-D is significantly different at the 95% level from the other types of TNM red wines studied. 3-Methylbutan-1-ol and (R,S)-butan-2,3-diol were markedly the most abundant higher alcohols, being present at levels higher than its perception threshold (30 mg l −1 for 3-methylbutan-1-ol), thus its sensorial contribution with "banana" and "alcohol, fusel" odour, is expected. Identical values of 3-methylbutan-1-ol were observed in the analysed wines from the TNM-S and TNM-MS (29.7 ± 0.3 mg l −1 ), while in those from TNM-MD these values were slightly higher 61.9 ± 0.03 mg l −1 ). The highest contents of 3-methylbutan-1-ol (significantly different at the 95% level) were determined in TNM-D (259.1 ± 0.9 mg l −1 ). The high contents of 3-methylbutan-1ol could be justified by the higher content of the amino acid precursors of this alcohol, leucine and isoleucine [22] . The contents of 2-phenylethanol (18.0 ± 0.9 mg l −1 ) were notably higher in the TNM-D wine and the other varietal alcohol, benzyl alcohol appeared in low concentrations but were similar in all the TNM wine types (Fig. 4) .
The next most abundant higher alcohol in the TMN red wines is hexan-1-ol, that contributed with "herbaceous" and "vegetal" odour when its concentration surpass 8 mg l −1 . The average concentration of hexan-1-ol in TNM red wines studied (8.4 ± 0.5 mg l −1 ), is higher than the perception threshold thus its sensorial contribution is expected. The highest concentration of this compound was present in TNM-D wines. The obtained values were similar to those reported by Falqué et al. [22] .
Ethyl esters and acetates
One of the most important groups of aroma compounds in wine are the ethyl esters of fatty acids that are produced enzy- 
where C x is the concentration of x compound, n the relative peak area and C is is the internal standard concentration in the sample. matically during yeast fermentation and from ethanolysis of acylCoA that is formed during fatty acids synthesis or degradation. Their concentration is dependent on several factors mainly: yeast strain, fermentation temperature, aeration degree and sugar contents. These compounds make a positive contribution to the general quality of wine being responsible for their "fruity" and "floral" sensory properties. The TNM-S wines showed the lowest concentration of ethyl esters of fatty acids (6-10 carbon atoms). The maximum values for all the ethyl esters were found for TNM-D and TNM-MD, being higher than the respective TNM-MS. With exception of the TNM-D wines, the concentration of ethyl esters in the different types of studied wines was reasonably constant and the differences were not significant. Between the ethylic esters that it has been possible to identify, ethyl esters of C 6 and C 8 fatty acids, which are responsible for the "fruity" and "wine-like" aroma, hexanoate and octanoate, were those found at the highest concentrations in the TNM analysed wines. They have similar concentrations with exception for ethyl octanoate determined in TNM-D wines (significantly different at the 95% level), and are present at concentrations exceeding their flavour threshold (Table 4) . From the ethyl esters of diprotic acids, the concentration of diethyl succinate (28.4 ± 1.3 mg l −1 ) is much higher than that found for ethyl lactate (Table 3) . Identical concentrations of diethyl succinate were observed in all the analysed TNM wines ( Table 3 ). The concentration of ethyl lactate in TNM-D and TNM-MD was higher than that determined in the TNM-S and TNM-MS red wines. Fig. 3 compare the total concentration of the ethyl esters of fatty acids in the different TNM wine types analysed.
Acetates
Are the result of the reaction of acetylCoA with higher alcohols that are formed from degradation of amino acids or carbohydrates. Isoamyl acetate with a characteristic odour of "banana", was found at similar values in different TNM wine types and above its perception threshold (30 g l −1 ) in all the samples with an average content of about 0.54 ± 0.08 mg l −1 . The concentration of 2-phenylethyl acetate determined in TNM-D, which give "roses, flowery, honey" nuances to the wine, was significantly different at the 95% level, from the determined in TNM-MD, TNM-S and TNM-MS wines.
Fatty acids
Within the family of fatty acids (Table 3) , acetic, hexanoic and octanoic acids were notable for their higher concentrations. Acetic acid was markedly the most abundant acid, being present at levels lower than its perception threshold (200 mg l −1 ). The TNM-D wine, present the highest concentration of these compounds (42.9 mg l −1 ). The fatty acids concentration in the TNM-MD, TNM-S and TNM-MS red wines were not significantly different at the 95% level. The contents of hexanoic, octanoic and decanoic acids although high, showing values of 1.5, 6.9 and 0.7 mg l −1 , respectively, were in agreement with those found for other wine varieties. Fig. 3 shows the total concentration of these compounds in the different TNM wine types analysed.
Carbonyl compounds
This group includes aldehydes and ketones. The former compounds, namely C 6 aldehydes, are formed from unsaturated fatty acids, such as linoleic and linolenic acids. Also, can be considered as products of lipoxygenase catalysis. Only few aldehydes have been detected among the wine aroma constituents, probably because they can be reduced to the corresponding alcohols during the course of fermentation. Benzaldehyde and phenylethanal present the highest levels of this group of compounds. They have similar concentrations in TNM-MD; TNM-S and TNM- MS wines, with exception for benzaldehyde in TNM-D wines whose concentration is significantly different at the 95% level. The ketones can be formed by condensation of activated fatty acids. The most important in the TNM analysed wines are cyclopentanone.
Furan compounds
Another group of aroma compound that have been studied were the furanic compounds, formed by degradation of carbohydrates. The major components in this group were 2-furfural and 5-hydroxymethyl-2-furfural (HMF). Furfural was the most abundant compound (Table 4) but is present at levels lower than its perception threshold. The average values for the different TNM wine types are similar (not significantly different at the 95% level).
Lactones
Seven lactones were identified. These compounds are among the most important to the sensory characteristics of wines namely when aged in oak wood. These compounds are formed by cyclization of the corresponding ␥-hydroxycarboxylic acids. The odour of these lactones depends on the chemical structure, functional groups and the length of side chains. The odour of these compounds are described as being "fruity" and in some cases as "coconut-like; fruity" (␥-hexalactone); "coconutlike" (␥-octalactone); "peach-like, milky" (␥-decalactone) and "fruity, sweet floral" (␥-dodecalactone). ␥-Octalactone is the most abundant lactone in TNM-D (58.5%), TNM-S (44.8%), TNM-MS (49.3%) red wines and ␥-nonalactone is the most representative of TNM-MD (54.5%) wine.
Sulphur compounds
Comprise a structurally diverse class of molecules that a whole range of aromatic notes, generally considered detrimental to wine quality [23] . Most of the sulphur compounds identified in wines are usually found at level below their threshold values. The main sulphur compound identified in TNM red wines was 3-(methylthio)-propan-1-ol (methionol). This is usually found at levels above its olfactive perception threshold value. The analysis of TNM red wines (Table 3) showed that the highest concentration of sulphur compounds was observed for methionol in TNM-D wine.
Volatile phenols
These compounds detected in different wine samples, can originate from p-coumaric and ferulic acids by decarboxylation. Within the family of volatile phenols (Table 3) vanillin was notable for their higher concentrations. Its content exceed their flavour threshold contributing with "vanilla" and "candy" odours to the TNM wines (Table 4) .
Identification of the main odorants
As a preliminary step to achieve the identification of the potentially most important wine odorants of TNM wine, the aroma index (I), the ratio between the concentration of each volatile compound (c) with the corresponding odour threshold (s), was assessed using the equation I = c/s (Table 4) . On the basis of their odour description and threshold, the most powerful odorants of TNM wines were tentatively established. As shown in Table 4 , at least 22 components were present at concen-trations higher than their corresponding odour thresholds. Thus these compounds exhibit an aroma index value higher than the unity were considered to contribute individually to the TNM wine aroma.
There was a great similarity among the intensities of these odorants in the different of TNM red wine samples. According to the results presented in Table 4 , the five most potent aromas of each wine type are practically the same. The highest I values were obtained for several well-known by-products of yeast metabolism such as ethyl octanoate, ethyl hexanoate and their corresponding fatty acids; isoamyl acetate; 2-phenylethyl acetate, phenylethanal; 3-methylbutanoic acid; the higher alcohols 2-methylpropan-1-ol and 3-methylbutan-1-ol; metionol and ␥-nonalactone and seems to be important odorants of this wine. Diethyl succinate, phenylacetic acid, 2-phenylathanol and hexan-1-ol were also at concentrations higher than their corresponding threshold. The relevant content of vanillin, associated with "vanilla" and "chocolate" odour descriptors, with I values higher than 10 for TNM-MD, TNM-S and TNM-MS wines, should be considered to have a sensorial contribution for these red wines.
Conclusions
TNM red wines are characterized by the presence of higher levels of higher alcohols, ethyl esters and acetates, fatty acids, carbonyl compounds and sulphur compounds. The TNM-MD shows the highest values of volatile phenols. In contrast, they have the lowest contents of acetals. The highest values of furan compounds and acetals were determined in TNM-S wines. These wines present the lowest concentrations of higher alcohols. TNM-MS shows the lowest values of acetates, lactones and sulphur compounds.
Quantitatively, the higher alcohols (aliphatic and aromatic) are the largest group of the volatile composition in the TNM red wine. The ethyl esters and fatty acids formed enzymatically during the fermentation process constitute important groups of aroma compounds that contribute with "fruity" and "cheese/fatty" notes to wine sensory properties, respectively. The dominating esters are the ethyl esters of fatty acids and acetates of higher alcohols. Ethyl octanoate and ethyl hexanoate predominated in TNM red wines analysed.
From all compound identified in TNM red wines, ethyl octanoate, phenylethanal, ethyl hexanoate, isoamyl acetate, octanoic acid and 2-phenylethyl acetate are the most powerfull odorants. The proposed methodology seems to be adequate to establish the potentially most important wine odorants of TNM wines.
